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Introduction: Web-based neuropsychological testing can be an important tool in meeting the increasing
demands for neuropsychological assessment in the clinic and in large research studies. The primary aim
of this study was to investigate practice effects and reliability of self-administered web-based neuro-
psychological tests in Memoro. Due to lack of consistent analysis and reporting of reliability in the
literature, especially intraclass correlation coefﬁcients (ICC), we highlight how using different ICC
measures results in different estimates of reliability.
Method: 61 (31 females) participants (mean age 53.3 years) completed the Memoro tests twice with a
median of 14 days between testing.
Results: Practice effects were detected for all cognitive measures (d ¼ 0.32e0.61), most pronounced for
memory measures. Reliability estimated using two-way random effects single measure absolute agree-
ment ICC(2,1) were between 0.55 and 0.74. Two-way mixed effects average measure consistency ICC(3,2),
ranged from 0.79 to 0.89. Reliability was highest for the processing speed task and lower for the memory
tasks.
Conclusions: Memoro tests had test-retest reliability similar to that of traditional, computerized and
web-based test batteries used clinically and in research. It is important to carefully choose and specify
the ICC implemented, as ICC(2,1) and ICC(3,2) give different results and reﬂect reliability of different
measures.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Today neuropsychological testing is moving from its traditional
pen-and-paper format with an examiner to computers and even
further to self-administrated web-based testing (Bilder, 2011;
Resch, McCrea, & Cullum, 2013; Zygouris & Tsolaki, 2014). Web-
based testing is gaining in popularity as it is ﬂexible, inexpensive,
and has no geographical boundaries (Darby, Fredrickson, Pietrzak,
Maruff, & Woodward, 2014; Haworth & Harlaar, 2007). Web-
based testing was embraced early by sports medicine and for
concussion management due to its mobile and ﬂexible nature
(Erlanger et al., 2003).
Web-based tests are also being used in assessment of aging,ce, Faculty of Medicine, Pb.
y, 7491 Trondheim, Norway.
en).
Ltd. This is an open access article umild cognitive impairment and dementia related cognitive changes
(Darby et al., 2014; Dougherty et al., 2010; Trustram Eve & de Jager,
2014), other disease-related cognitive changes (Medalia, Lim, &
Erlanger, 2005), and more generally in individual and potential
large-scale assessments of cognitive functions (Silverstein et al.,
2007). Web-based tests identify the same cognitive constructs as
traditional tests, and are even preferred above traditional tests by
persons who are tested (Hansen, Haferstrom, Brunner, Lehn, &
Håberg, 2015). Web-based tools might facilitate large cohort
studies and help meet the increasing demand for cognitive
assessment associated with the aging population and accompa-
nying cognitive changes and disease. The International Association
of Gerontology and Geriatrics (IAGG) recently recommended that
all individuals  70 years should have their memory tested at least
once annually (Morley et al., 2015). Such a change in clinical
practice will require large resources, and computerized or web-
based testing is one way to meet the new demands.
It is imperative that web-based tests can document goodnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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both in the clinic and in research. While the reliability of comput-
erized tests has been well documented, the test-retest reliability of
web-based tests remains underexplored (Gates & Kochan, 2015;
Zygouris & Tsolaki, 2014). Furthermore, reliability estimates are in
some cases only available for the computerized version and not the
web-based version. This is problematic as it can be argued that
when the manner of administration changes, the test becomes a
new test (Bauer et al., 2012).
A challenge in the literature on web-based testing is the lack of
consistent assessment of test-retest reliability. Pearson’s r or one of
the several intraclass correlation coefﬁcients (ICCs) are commonly
reported, alternatively Spearman’s rho if the statistical assumptions
of the Pearson’s r and ICC are not met. Since Pearson’s r is insen-
sitive to systematic error (e.g. practice effects or fatigue effects)
using an ICC method has been recommended because it takes into
account both the within-subject change and the systematic group
change over time (Vaz, Falkmer, Passmore, Parsons, & Andreou,
2013). This recommendation is, however, not universally accepted
as it can be argued that practice effects are not a ﬂaw to be cor-
rected, but rather a natural phenomenon (Rousson, Gasser, &
Seifert, 2002). Adding further complexity to this picture, there
exist multiple ICC variants with regard to both the computational
processes and nomenclature (McGraw & Wong, 1996; Shrout &
Fleiss, 1979), leading to a multitude of measures. These variations
have caused confusion in the ﬁeld. Furthermore, lack of speciﬁca-
tion of ICC variant used, and application of incorrect ICC variants in
the literature can lead to misconstrued impressions of the reli-
ability of the tests (Bruce, Echemendia, Meeuwisse, Comper, &
Sisco, 2014; Krebs, 1986; Weir, 2005).
We have developed Memoro, a self-administered web-based
neuropsychological test platform for assessment of memory and
related cognitive functions. We have recently investigated concur-
rent validity (Hansen et al., 2015). However, no test is valid unless it
is reliable.
The primary aim of this study was to assess practice effects and
reliability, i.e. consistency of test results across administrations, of
the self-administered web-based tests in Memoro. The second aim
was to highlight how different variants of intraclass correlation
results in different estimates of reliability. As noted above, the
literature on reliability has not always been precise or correct in its
use of ICC. This has signiﬁcant impact on the reliability measure-
ment as illustrated using test-retest data from Memoro.
2. Material and methods
2.1. Participants
The current study has been evaluated and approved by the
Regional Committee for Medical and Health Research Ethics and
the Data Protection Ofﬁcial (Personvernombudet).
Sixty-two individuals agreed to participate in this study. Par-
ticipants were recruited from local educational, governmental,
health care, and sports organizations, and public poster boards. In
order to participate, individuals signed up through the web-based
recruitment system which is part of the Memoro platform, or
called the project phone. Exclusion criteria were age < 40, previous
or current neurological disease and psychiatric or medical condi-
tions that may inﬂuence test performance. In addition, participa-
tion in the Nord-Trøndelag health survey (HUNT) (Krokstad et al.,
2013) was an exclusion criterion as a Memoro battery is already
administered in the HUNT study population. No participants had
impairment(s) in vision, hearing, or motor function that could
affect their performance. Participants received a monetary reward
equivalent of $50 USD after completing the retest session.2.2. Memoro
Memoro is a self-administered web-based neuropsychological
test platform developed to measure memory and related cognitive
functions in large cohorts using neuropsychological tests that are
familiar to clinicians and researchers. Additionally, the system
provides the ﬂexibility of including new tests based on current
research (Hansen et al., 2015). The Memoro tests are designed to be
resistant to low bandwidth, and to handle variations in software
and hardware conﬁgurations by preloading stimuli and employing
cross-browser compatible code. All tests include both written and
auditory instructions. No test in the current battery depends on
precise millisecond precision. It has been found feasible to detect
reaction time effects as small as ~20ms onweb-based tests (Crump,
McDonnell,& Gureckis, 2013), but given the large variety of devices
and settings in which the tests might be completed we have
focused primarily on accuracy and maximum capacity measures.
Memoro employs context measures to address some of the con-
cerns of whether the participant completes the tests in a valid
manner. At login the participants answer questions regarding sleep,
alertness, and what kind of computer they are using, and are asked
to evaluate the noise level in the room.
In the current study participants completed the following tests:
Verbal Memory Test
The participant listened to a target list of 16 words chosen from
four different semantic categories (furniture, fruits, animals, and
means of transportation). After the complete list was presented, the
participant was asked to type all words he/she recalled from the list
into boxes presented on the computer screen. There were four
learning and recall trials for the target list, followed by a distraction
list. The distraction list contained 16 words chosen from four se-
mantic categories, of which three overlapped with the ﬁrst list
(furniture, fruits, animals, and body parts). After hearing the
distraction list, the participant recalled and typed in thewords from
this list, similarly to the procedure for the target list. The participant
was then asked to recall the words from the target list, i.e. imme-
diate recall. After ~20 min of completing other non-verbal tests, the
participant completed the delayed recall of the target list. Perfor-
mance was scored as number of correctly recalled words in each
trial.
Objects in Grid
The test started with a short practice session of dragging and
dropping objects on the screen. Subsequently, the participant was
instructed to memorize the locations of 18 colored line drawings of
various objects within a 6  6 grid in 90 s one-trial learning period.
After 90 s, all objects were moved to the bottom of the screen and
the participant was instructed to drag and drop each object into its
original location in the grid, i.e. immediate recall. After completing
other non-spatial tests for ~15 min, the participant was once more
presented with the empty grid and asked to place all the objects
into their correct locations, i.e. delayed recall. All objects must be
placed in the grid for the test to continue, and the participant was
instructed to guess if unable to recall the location of an object.
Performance was scored as the number of correctly placed objects.
Letter-Number Sequencing
In each trial of this test, the participant was presented with
individual letters and numbers on the screen. Each stimulus in a
trial was visible for two seconds. After the last stimulus in a trial
had been presented, the participant was asked to recall and type
ﬁrst the numbers in ascending order and then the letters in
alphabetical order. The participant started with three practice trials
where he/she got feedback on whether the responses were correct.
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and numbers increased by one every second trial from two to a
maximum of eight characters. Performance was scored as the
number of correct trials, and the stop criterion was three consec-
utive wrong trials.
Processing Speed
The participant was instructed to judge as fast as possible
without making mistakes if pairs of geometrical shapes (block 1, 3,
5) or numbers (block 2, 4, 6) were identical or different by hitting
the “F” (different) or “L” (identical) keys on the keyboard. The test
started with four example trials (two from each block type) with
feedback on the performance. The test did not commence before
correct responses were registered. Then the participant completed
six blocks, each lasting 30 s. Task difﬁculty increased with each
block as complexity in the geometrical shapes increased and the
numbers contained increasingly more digits. Performance was
scored as total number of correct responses minus number of
erroneous responses combined for both numbers and geometrical
shapes.
Pattern Separation
The participant was presented with a series of 108 images, one
image at a time, and instructed to indicate whether the current
image was identical to a previously presented image, similar to a
previously presented image with a detail changed, or never previ-
ously presented in the series of images (Bakker, Kirwan, Miller, &
Stark, 2008). The next image was not presented before getting a
response. The participant received a score of the total number of
correct decisions. Being able to discriminate between similar
stimuli is an important aspect of episodic memory (Yassa & Stark,
2011).
Computer familiarity
The Memoro Short Computer Questionnaire contains six ques-
tions. Three assessing computer usage; “Where have you used a
computer during the last 6 months?,” alternatives (score): “Home
(2), Work (2), Other (1),”“What activities have you done on a
computer during the last 6 months?,” alternatives: “Paying bills (1),
E-mail (1), Browsing (1), Ofﬁce (1), Multimedia (1),”“How often do
you use a computer?,” alternatives: “Daily (5), Several times a week
(4), Once a week (3), More than once a month (2), Less than once a
month (1).” Three assessing computer skill; “How comfortable are
you in using a computermouse?,” alternatives: Very uncomfortable
(1), Uncomfortable (2), Neither nor (3), Comfortable (4), Very
comfortable (5), “How comfortable are you using a computer
keyboard?,” same alternatives as previous question, “How
comfortable are you using computers on a scale from 1 to 10 with 1
being ‘only experience problems’ and 10 ‘no problems at all’?”. Two
sub-scores, usage (max 15 points) and skill (max 20 points) are
combined in a total computer familiarity score (max 35 points).
2.3. Procedure
The same procedure was used for the ﬁrst and second test
sessions. Participants completed the Memoro tests at the MR
Center, St. Olavs Hospital, Trondheim University Hospital, Trond-
heim, Norway. Each participant was seated in a room equipped
with a desktop computer with a 1700 screen (resolution 1024 768),
standard keyboard, mouse, and speakers attached. The tests were
completed in Mozilla Firefox (version 15) running on Microsoft
Windows XP. A research assistant gave a short introduction to the
computer setup, and made sure the sound volume of the speakers
was adjusted to the participants’ preference. Before the cognitive
tests were administrated, participants answered the contextmeasure questions including sleep quality the previous night,
alertness and perceived noise in the test room (see Section 2.2).
In order to avoid possible variations in difﬁculty between
different stimuli sets, we used the same stimuli sets for the ﬁrst and
second test sessions. We chose a minimum test-retest interval of 14
days and strived for the participants to be tested at the same time of
day at both sessions. This short test-retest interval would allow us
to see how practice effects vary across our cognitive measures in a
time window relevant for assessment of effects of experimental
manipulation (e.g. memory training) or transient phenomena (e.g.
severe hypoglycemia, post-traumatic amnesia).
2.4. Statistical analyses
Raw scores were extracted from the Memoro database into IBM
SPSS Statistics for Windows (version 22). The data was quality
controlled and scores representing lack of compliance or premature
termination of the test were excluded from the analyses. Descrip-
tive statistics are given as frequency, arithmetic mean with stan-
dard deviation, or median with inter-quartile range depending on
data distribution. Practice effects from test to re-test were assessed
with paired samples t-tests and effect sizes reported as Cohen’s
d for repeated measurements (Dunlap, Jose, Vaslow, & Burke, 1996;
Dunst, Hamby, & Trivette, 2004). Differences in practice effects
between sexes were investigated using independent samples t-
tests. The relationship between practice effects and age and com-
puter familiarity were investigated using Pearson correlation, and
Spearman correlation for education and number of days between
testing. Test-retest reliability indices were given as Pearson’s cor-
relation coefﬁcients and ICCs between raw scores at test and retest.
Spearman’s rhowas used to assess reliability of the immediate and
delayed recall measures of the Verbal Memory Test since a ceiling
effect was present in these measures.
P-values  0.05 (two-tailed) after application of the Bonferroni-
Holm (Holm,1979) method for correction for multiple comparisons
were considered statistically signiﬁcant.
2.4.1. Intraclass correlation
There are several ICC families and nomenclatures in use. For a
thorough discussion of choice and description of intraclass corre-
lation, see Weir (2005). The most common are those of Shrout and
Fleiss (1979) and McGraw andWong (1996). The four different ICCs
that are used in this study are presented in Table 1.
Our primary test-retest measure is ICC(2,1), which is equivalent
to ICC(A,1). This measure is an estimate of reliability based on a
two-way random effects model of variance, examining the absolute
agreement between test sessions and estimating the reliability of a
single assessment. We arrived at this particular ICC measure based
on our responses to topics raised inMcGrawandWong (1996). They
are presented below:
1. Is a one-way or a two-way analysis of variance appropriate?
Since each included participant has a test score from each time
point included in the analysis, i.e. the usual situation for test-
retest studies, the recommended analysis of choice is a two-
way analysis of variance (Weir, 2005).
2. Can effects due to trials/time points be ignored in the reliability
index?
This addresses whether systematic error such as practice effects
or fatigue effects due to multiple administrations should be
included (absolute agreement type analysis), or ignored (con-
sistency type analysis). It has both been argued that practice
effects are a natural phenomenon and not a defect of the pro-
cedure (Rousson et al., 2002), and that practice effects represent
error which should be addressed in the analysis (Weir, 2005). In
Table 1
Nomenclature and formula of ICCs used in this study.
Shrout & Fleiss McGraw & Wong Formula Short description
2, 1 A, 1 MSpMSe
MSpþðk1ÞMSeþkðMStMSe Þn
Two-way random effects model, agreement, single measures
2, k A, k MSpMSe
MSpþðMStMSe Þn
Two-way random effects model, agreement, average measures
3, 1 C, 1 MSpMSe
MSpþðk1ÞMSe
Two-way mixed effects model, consistency, single measures
3, k C, k MSpMSe
MSp
Two-way mixed effects model, consistency, average measures
In Shrout and Fleiss (1979) the abbreviations are, 2¼ two-way random effects model, 3 ¼ two-way mixed effects model. In McGraw andWong (1996), A ¼ Degree of absolute
agreement among measurements, C ¼ Degree of consistency among measurements. In the formula column the following abbreviations were used: MSp ¼ participants’ mean
square, MSe ¼ error mean square, MSt ¼ trials (test sessions) mean square, k ¼ number of trials, n ¼ number of participants. All measures can be derived from the summary
table of a repeated measures ANOVA.
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used in the literature. However, as our main measure of reli-
ability we chose the recommended absolute agreement type of
analysis (Weir, 2005).
3. Random or Mixed effects for trials/time points?
This decision has no effect on the calculation and resulting es-
timate of the ICC, but relates more to its interpretation. With a
random effects model, both participants and trials are consid-
ered as sampled from a larger pool of participants and trials
which in turn the results can be generalized to. In a mixed ef-
fects model, participants are still considered sampled from a
random pool of participants while trials are ﬁxed (i.e. consid-
ered the only trials of interest) and subsequently the results may
not be generalized beyond bounds of the study. The current
study use both random and mixed effects models. A more
detailed discussion of this topic is found elsewhere (McGraw &
Wong, 1996; Weir, 2005).
4. What is the unit of reliability?
This is a question of whether we want to estimate the reliability
of a score based on one administration of a test (single mea-
sures) or on the combination of scores derived from multiple
administrations (average measures). Average measures will al-
ways produce larger coefﬁcients as the impact of measurement
error is reduced. The appropriate measure to report depends on
whether reliability should be estimated for a single adminis-
tration of the test (the most typical situation), or should be
estimated for the combination (an average) of multiple admin-
istrations. We use the single measures estimate as our primary
measure because participants need only complete the Memoro
tests once in order to obtain a score. The average measure is
included for all tests in our results section to illustrate how it
differs from single measures and for comparison of the present
results to other studies that presented average measures.
Summarized, the primary reliability measure was based on a
two-way random effects model of variance with an absolute
agreement deﬁnition, reporting single measures. This is the
ICC(2,1) in the Shrout and Fleiss nomenclature, ICC(A,1) in the
McGraw and Wong nomenclature.
Frequently used statistical software such as STATA and R (psych
library) present results using both Shrout and Fleiss (1979) and
McGraw and Wong (1996) nomenclatures, and by default present
all ICC variants used in this study. SPSS uses the McGraw andWong
(1996) nomenclature, with the two-way mixed effects model and
degree of consistency (i.e., ICC(3,1) and ICC(3,k)) as the default
output.3. Results
3.1. Sample characteristics
One participant of the original 62 did not show up for the re-test
session and was unavailable for setting up a new appointment.
Sixty-one participants (31 females) withMean (SD) age of 53.3 (7.3)
years completed the test and re-test sessions with a Median (IQR)
test-retest interval of 14 (14e19) days. Level of education among
the participants was completed secondary school (3.3%), completed
high school (18%), completed technical college (3.3%), completed
three or fewer years of college or university education (23%), and
more than three years of college or university education (52.5%).
The computer familiarity score from the Memoro Short Computer
Questionnaire was Mean (SD) 26.77 (3.59) out of 35, indicating
extensive familiarity with computers.3.2. Practice effects
Signiﬁcant differences in raw scores between the two time
points were found on all measures except the computer familiarity
questionnaire (Table 2). The performance on the second time point
was better than the ﬁrst time demonstrating practice effects as
expected. The Verbal Memory Test showed pronounced practice
effects, and had ceiling effects. A large practice effect was also
observed for the Images in Grid spatial memory task, but this did
not result in any ceiling effects.
Therewere no signiﬁcant differences in practice effects between
the sexes on any measure (p > 0.05). There were no signiﬁcant (all
p > 0.05) correlations between practice effects and levels of edu-
cation or computer familiarity.3.3. Test-retest reliability
Processing Speed had the highest estimated reliability among
the cognitive measures with ICC(2,1) ¼ 0.74 (Table 3). The memory
related measures had lower ICC(2,1) coefﬁcients ranging between
0.55 and 0.67 (Table 3). Measures with larger practice effects
generally have lower reliability ICC(2,1) coefﬁcients. If practice ef-
fects are not considered a problem, we can use ICC(3,1). ICC(3,1)
was 0.80 for Processing Speed, thememory scores ranged from 0.65
to 0. 72 with Objects in Grid late recall being the only test below
0.70 with an estimated ICC(3,1) of 0.65.
Finally, we estimated the reliability of combination of the scores
from two test administrations, i.e. average ICC measures, ICC(2,2)
and ICC(3.2). For the cognitive measures we found that ICC(2,2)
ranged between 0.71 and 0.85 and ICC(3,2) between 0.79 and 0.89.
Themeasure of Computer familiarity was estimated to 0.90 for both
ICC(2,2) and ICC(3,2).
Table 2
Raw scores at time point 1 and 2 and size of practice effects.
Measure Time 1 Time 2 p d
Computer familiarity 26.98 (3.30) 27.41 (3.28) 0.10 0.13
Letter-Number Sequencing 9.33 (2.50) 10.15 (2.81) < 0.01 0.34
Pattern Separation 95.41 (3.98) 96.90 (5.03) < 0.01 0.32
Processing Speed 59.80 (14.55) 65.74 (13.92) < 0.01 0.42
Objects in Grid
Immediate recall 9.72 (4.01) 12.11 (3.99) < 0.01 0.60
Delayed recall 8.4 (4.05) 11.05 (4.34) < 0.01 0.61
Verbal Memory Test
Distraction trial 8.9 (2.59) 10.22 (3.07) < 0.01 0.45
Immediate recalla 15 [12e16] 15 [14e16] < 0.01 0.40
Delayed recalla 14 [12e16] 15 [14e16] < 0.01 0.43
Values given as mean (SD) if not stated otherwise.
a Scores are negatively skewed with ceiling effects. Central tendency reported as
median and inter-quartile range. Statistical difference assessed with Wilcoxon’s
Signed Rank Test and effect size given as Z/sqrt(n).
T.I. Hansen et al. / Computers in Human Behavior 63 (2016) 91e97 953.4. Missing data
The scores of seven participants were invalid on the Letter-
Number Sequencing test because they swapped the order of the
digits and the letters. Scores from four participants were excluded
on the second administration of Objects in Grid due to suspicion of
low effort.
4. Discussion
This initial reliability study of Memoro based on the same
stimuli set and re-testing after twoweeks, demonstrated good test-
retest reliability, with absolute agreement based reliability esti-
mates attenuated by practice effects. We also showed howchoice of
ICC method greatly affected the ICC coefﬁcients, particularly the
difference between single measures and average measures ICCs.
This highlights the impact of choice of ICC measure.
The measure of processing speed had the highest estimated
reliability while the different memory measures had lower reli-
ability estimates. This pattern of speed related tasks showing high
reliability and memory measures showing lower reliability is in
agreement with research on both traditional paper-and-pencil
(Calamia, Markon, & Tranel, 2013), computerized tests (Gualtieri
& Johnson, 2006), and web-based (Erlanger et al., 2002) neuro-
psychological tests.
The Verbal Memory Test had a relatively high reliability despite
a ceiling effect. The ceiling effect was present on both theTable 3
Estimated test-retest correlation coefﬁcients for the Memoro measures in this study.
Measure r Agreement
Single ICC(2,1)a
Computer familiarity 0.82 0.82
Letter-Number Seq. 0.71 0.67
Pattern Separation 0.72 0.66
Processing Speed 0.80 0.74
Objects in Grid
Immediate recall 0.72 0.61
Delayed recall 0.65 0.55
Verbal Memory Test
Distraction trial 0.72 0.65
Immediate recallb 0.70
Delayed recallb 0.67
All correlation coefﬁcients were statistically signiﬁcant (p < 0.05).
ICC(2,1) ¼ absolute agreement, single measures; ICC(2,2) ¼ absolute agreement, average
measures.
a Primary ICC test-retest measure.
b Spearman’s rho used on data with skew and ceiling effect.immediate and delayed recall measures resulting in a restricted
range. This was not found during piloting or in our previous study
in older participants (Hansen et al., 2015). It is not uncommon that
memory tests suffer from a restricted range of performance
(Strauss, Sherman, & Spreen, 2006). However, in most cases it is
reduced memory rather than extraordinary good memory which is
of clinical interest. However, ceiling effects implies reduced sensi-
tivity. Without modiﬁcations, the current version of the test may be
suboptimal for certain groups of individuals, for instance if exam-
ining the full range of memory performance. Spearman correlations
of 0.70 and 0.67 showed that the Verbal Memory Test has adequate
reliability when disregarding practice effects. Similarly, the
distraction trial which was not as affected by practice effects or had
ceiling effects showed an ICC(2,1) of 0.65 and ICC(3,1) of 0.71,
indicating adequate reliability. There are very few web-based ver-
bal memory tests which present the words by sound (i.e. read
aloud), and include both immediate and delayed recall trials. The
most relevant comparison would be to the CVLT-II (Woods, Delis,
Scott, Kramer, & Holdnack, 2006) which is administered in a
traditional pen-and-paper format by a trained administrator and
found to have estimated reliability with Spearman’s rho of 0.80 on
immediate recall, 0.83 on delayed recall and 0.56 on the distraction
trial in a similar sample to ours. This indicates that, despite a ceiling
effect, our verbal memory test had on average comparable reli-
ability to the traditional pen-and-paper test.
Objects in Grid had the lowest estimated reliability, where the
Objects in Grid delayed recall trial had an ICC(2,1) of 0.55 and
ICC(3,1) of 0.65. This test showed the largest practice effects of all
tests, and consequently the largest difference between absolute
agreement and consistency ICC measures. This illustrates how
systematic error affects the estimation of reliability as measured
with ICC(2,1). In the Objects in Grid test, participants were to
remember the location of 18 line drawings presented only once for
a 90 s period. Although we did not observe any ﬂooring effects or
restricted range on this test, it may have been perceived as very
difﬁcult by the participants due to its one-trial learning design
leading to reduced effort. In contrast to the Verbal Memory Test, the
Objects in Grid test completion depended on all objects being
placed onto the grid, and thus forced the participants to guess. This
may introduce additional variance further lowering reliability. Still,
the reliability for Objects in Grid is equally good as that reported in
previously published test-retest data on similar web-based mem-
ory tests (Elbin, Schatz, & Covassin, 2011; Erlanger et al., 2002). The
Memory score of the Cognitive Stability Index (CSI), including a testConsistency
Average ICC(2,2) Single ICC(3,1) Average ICC(3,2)
0.90 0.83 0.90
0.81 0.71 0.83
0.80 0.70 0.82
0.85 0.80 0.89
0.76 0.72 0.84
0.71 0.65 0.79
0.79 0.71 0.83
measures; ICC(3,1) ¼ consistency, single measures; ICC(3,2) ¼ consistency, average
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lation coefﬁcient of 0.68 (Erlanger et al., 2002). We found Pearson
correlations of 0.72 and 0.65 for immediate and delayed recall
respectively. Another study using the online version of ImPACT
(Elbin et al., 2011) reported a Pearson correlation of 0.55 and an
ICC(3,2) of 0.70 on the Visual Memory composite that includes two
tests which combined is similar to our Objects in Grid task. We
found ICC(3,2) of 0.84 and 0.79 for immediate and delayed recall,
respectively. However, ICC(3,2) is a measure of the estimated reli-
ability of a combined score from two administrations of the test and
not an estimate of the reliability of a single administration. Taken
together, even though the Objects in Grid test was the test with the
lowest test-retest reliability estimate, it showed similar reliability
estimates as comparable tests from other web-based test batteries.
The Pattern Separation and Letter-Number Sequencing tasks
showed moderate reliability. The Pattern Separation task was
mildly affected by practice effects compared to the other memory
tests in this study. The CogState Brief Battery has implemented a
pattern separation paradigm in its One Card Learning Task. In a
sample of community-dwelling older people they estimated test-
retest reliability of each measure across ﬁve visits using intraclass
correlations and found an ICC of 0.91 for this task (Darby et al.,
2014). Our Pattern Separation task had an ICC(2,1) of 0.66, still,
our average ICC(2,2) was 0.80 and could have been even higher if
more time points were included. Indeed, using the consistency
measure, ignoring the practice effects, the average ICC(3,2) value
for Pattern Separation was 0.82. Taken together, the reliability es-
timates for our Pattern Separation task appeared to be somewhat
lower but comparable to a similar task used previously. Still, use of
unspeciﬁed ICC analyses makes it difﬁcult to compare between
studies and know which reliability has been estimated.
The Letter-Number Sequencing test was to a limited extent
affected by practice effects compared to the other tests in this study.
This ﬁnding is in line with previously reported reliability on this
type of test. Using a pen-and-paper format (Lemay, Bedard,
Rouleau, & Tremblay, 2004) had a test-retest interval of 14 days
in a sample of adults and seniors and found Pearson correlation of
0.75 and an ICC with an absolute agreement deﬁnition of 0.73. Our
Letter-Number Sequencing test had a lower single measure abso-
lute agreement ICC(2,1) of 0.67, and a higher average measure ab-
solute agreement ICC(2,2) of 0.81 The authors (Lemay et al., 2004)
did not state whether they report single or average measure ICC
reliability estimates.
The computer familiarity measure included in Memoro was
found to be highly reliable. Computer familiarity has previously
been shown to affect test scores (Iverson, Brooks, Ashton, Johnson,
& Gualtieri, 2009) and be related to general cognitive function (Tun
& Lachman, 2010). In Memoro, we have previously reported an
association between computer familiarity and cognitive measures,
although affected by age and education, that was most pronounced
for our processing speed task (Hansen et al., 2015). In the present
study we did not ﬁnd computer familiarity to be related to practice
effects, probably due to extensive computer familiarity across the
entire sample. Based on these combined observations, information
regarding computer familiarity should be obtained when using
web-based neuropsychological testing in order to investigate
whether it should be controlled for or not.
Overall, the ﬁndings across the different tests indicated that the
measurement (random) error of the Memoro tests is acceptably
low. Test-retest reliability estimated with an absolute agreement
deﬁnition might be higher with a longer retest interval than two
weeks, decreasing the practice effects. However, practice effects
should not represent a problem if not resulting in ceiling effects and
relative group differences are the measures of interest.
There are important discrepancies in the use and reporting ofresults from intraclass correlation in reliability studies. In our own
data, Pearson’s r coefﬁcients, which do not take systematic error in
to account, ranged between 0.65 and 0.80. ICCs, estimating the
reliability of a score based on a single administration of each test,
ranged between 0.55 and 0.74 if taking systematic error into ac-
count, and from 0.65 to 0.80 if not. ICCs estimating the reliability of
a score based on the combined results from two administrations of
each test ranged between 0.71 and 0.85 if taking systematic error
into account and from 0.79 to 0.89 if not. We have observed that
several studies have reported average measures ICCs without
making it explicit that this is not the estimated reliability of a single
administration of the battery or test, and neither does it unequiv-
ocally represent a measure for the tests’ stability over time. ICC
results are often used in conjunction with clinically accepted cut-
offs or suggested thresholds; hence it is important to report ICC
coefﬁcients which actually estimate the relevant reliability relating
directly to the use of the test in the clinic or in research. Moreover,
the inconsistent ICC use and reporting becomes problematic in
literature reviews, because different ICC variants are included un-
der the generic heading “ICC” without additional comments. To
sum up, ICC is not a unitarymeasure and it is therefore important to
carefully choose the appropriate ICC and specify it in detail when
reporting test-retest results.
The current study has limitations worth noting. First, several
participants misunderstood the instructions on the Letter-Number
Sequencing task and swapped the position of the numbers and
letters resulting in erroneous responses in spite of recalling the
stimuli correctly. To reduce the likelihood of this problem in the
future wewill include a notice on the response form reminding the
participant of the instruction. This together with missing data on
the Objects in Grid test illustrate some of the vulnerabilities with
self-administered tests as the administrator is not present to detect
if an instruction is misunderstood or the participant is not per-
forming at full effort, and take appropriate steps to rectify perfor-
mance. Second, due to a combination of high-performing
participants and the choice of using a short test-retest interval we
observed signiﬁcant practice effects on all cognitive measures and
ceiling effects on the Verbal Memory Test. In the future we need to
consider reducing the number of learning trials or increasing the
number of items in order to add more difﬁculty to the Verbal
Memory Test, especially if using this test in groups we suspect to
have high initial scores. Despite that, it has been argued that
practice effects are a natural phenomenon (Rousson et al., 2002)
and lack of it, or difference in practice effects between groups can
provide meaningful information on learning ability (Chelune,
Naugle, Lüders, & Sedlak, 1993).
5. Conclusions
The results of the present study showed that the selected
Memoro tests have test-retest reliability similar to traditional,
computerized and web-based test batteries used in the clinic and in
research. Three weeks or shorter test-retest intervals are not rec-
ommended for the Memoro memory measures unless using alter-
native stimuli sets, due to practice effects reducing the stability of
performance, especially if absolute differences are of interest.
Explicit speciﬁcation of which ICC variant is used and whether
single or average measures are reported, and providing a rationale
behind this choice is very important. Our results showed that the
discrepancy between the different measures can be large, thus
signiﬁcantly inﬂuencing the interpretation of the test scores and
how reliable a test is perceived to be. While Memoro shows reli-
ability coefﬁcients similar to other batteries, a higher level of reli-
ability is the ideal, especially for clinical use. In the future
development and quality assurance of Memoro it will be important
T.I. Hansen et al. / Computers in Human Behavior 63 (2016) 91e97 97to investigate and address technical and human factors that may
have contributed to measurement error and reduced reliability.
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